Introduction
One fact that is agreed upon in the literature regarding the mechanism of phototropism is that the growth curvature results from an unequal distribution of auxin. There are at least three hypotheses as to how unilateral illumination causes the unequal distribution: 1. Photoinactivation of auxin on the lighted side of the plant. 2 . A differential change in the rate of synthesis of auxin on the lighted and shaded sides. 3. Unilateral displacement of auxin toward one of the sides. It is the last of these mechanisms with which this paper will be primarily concerned.
If lateral transport of auxin serves as a mechanism for phototropism, it requires a transverse polarity which is induced by the tropic stimulation. This is essentially a statement of the familiar Cholodny-Went theory, which applies to other tropisms as well as phototropism. One logical possibility is that such a transverse polarity is electrical in nature. Because of this possibility, the transverse electrical changes which occur in the Avena coleoptile as a result of most of the tropic stimuli have been established. The results of these studies have been reviewed recently by SCHRANK (10) .
Apparently only two investigators, (OPPENOORTH, 6 SCHRANK 8), have attempted to measure the transverse electrical changes resulting from stimulation of the Avena coleoptile by unilateral illumination. OPPENOORTH'S findings (6) indicate that the lighted side of the Avena coleoptile becomes electropositive to the shaded side when the plant is unilaterally illuminated with a dosage of light which causes positive phototropic curvature (500 mCs). SCHRANK (8) , on the other hand, measured the changes in the transverse electrical polarity in the apex of the Avena coleoptile resulting from continuous unilateral illumination and found that the lighted side became electronegative to the shaded side.
It is the purpose of this investigation to make additional mieasurements of the electrical changes of the Avena coleoptile when it is stimulated by a dosage of light which causes positive phototropic bending and to observe the electrical changes resulting from illumination which causes negative bending. If the transverse electrical polarity indeed serves as a polar force which directs the auxin to the side of the coleoptile which becomes convex, the orientation of the light induced polarities in these two instances should be opposite.
experiment.
The apparatus used has been described previously (7) . Two types of contacts wNere used: 1. Short tapered glass tubes were attached to electrode cups, which were filled with Shive's solution, so that the electrical connection between tube and tissue was a meniscus of this solution. The open ends of these tubes were one millimeter in diam-leter. Two of these contacts were used in each experiment. They were placed on opposite sides of the coleoptile and were frequently moved laterally to keep the bending plant properly spaced between them. The contact between the light source and the coleoptile was moved during illumination. 2. The second type of contact was a coml)ination holder for the plant and contact cup. This combination was filled with Shive's solution to the desired level for making electrical contact. Only one of these contacts was used for each experiment and it was placed basally to the other two contacts. The electrodes were isoelectric (± 1 mv.) zinc-zinc sulphate half cells. Electrical measurements were made with a DuBRIDGE vacuum tube voltmeter (2) .
In all experiments the coleoptiles were stimulated by unilateral illumination after a 30 minute control period during which electrical and curvature measurements were made on the unstimulated plant. A 10 watt frosted G. E. mazda lamp and a similar 100 watt lamp were placed at distances from the seedling such that when they were activated for two minutes the plants received 200 and 31,200 mes respectively. A piece of black paper was kept on the shaded side of the plant during illumination. Each experiment was 90 minutes long. Electrical measurements and tip movements were recorded every five minutes. Tip movements were measured by means of a horizontal ocular micrometer mounted in a horizontal microscope and the curvature was checked at the end of each experiment by the .JUDKINS method (4) . Results 
ELECTRICAL POLARITY CHANGES WHEN THE PHOTOTROPIC RESPONSE IS POSITIVE
In this series of experiments, consisting of three groups, the coleoptiles were stimulated by 200 mcs of unilateral illumination. According to DU Buy and NUERNBERGK (3) this dosage of light should cause positive phototropism.
GROUP I.-In the first group, the basal contact was placed 10 millimeters below the apex. This reference contact was connected to ground. The two apical contacts were always placed directly opposite each other on the lighted and shaded side of the coleoptile about one millimeter below the apex. The apical contacts were alternately connected to the control grid of the duBridge voltmeter. In this way the longitudinal voltages between the apical and basal contacts were measured oi both the lighted and shaded side of the coleoptile.
Thirteen -experiments were completed in this group. Seven coleoptiles showed positive phototropic bending. The L represents the longitudinal polarity of the lighted side, and curve S the corresponding polarity of the shaded side. The orientation of this polarity prior to stimulation is the same as that found by WILKS (13) . The immediate effect of light stimulation shown by curves L and S is a slight increase in the longitudinal potential. This effect was not typically observed and is probably a manifestation of individual variation of the plant involved. This is followed by a gradual decrease in the polarity, which lasts for about 20 minutes and results in a reversal of polarity. Toward the end of the experiment an increase is again noted especially in curve L.
Curves showing the differences in the longitudinal polarities between the lighted and slhaded side are shown in figure 1 B. (Tlhese curves were always obtained by subtracting the longitudinal polarities of the shaded side from those of the lighted side and will hereafter be referred to as transverse polarities.) Curve L-S was obtained from curves L and S in figure 1 A, and curve II was similarly derived froml-another experiment in this group for which the individual longitudinal polarities were not plotted. Both of these curves stay very nearly at zero during the control period. This means that the magnitudes of the polarities on the liglhted and shaded side remain essentially the same. Immediately after stimulation there is a tendency for the lighted side to show a transitory period of positivity to the shaded side. After this the transverse polarity gradually increases witlh the lighted side electronegative to the shaded side. Toward the end of the experiment the polarity approaches zero again. Fromii the data in figures 1 A and 1 B it appears evident that unilateral illumination affects the longitudinal electrical polarity on opposite sides of the Avena coleoptile similarly, but the mnagnitude of the change on the lighted side is greater than it is on the shaded side.
The curvatures of the coleoptiles whose electrical responses have just been described are shown in figure 1 C. These curves are labelled to correspond to the electrical curves. Both of the curves show positive bending. The horizontal tip displacement of curve LS is more than for curve lIa, while the magnitudes of the angular curvatures (shown at the end of the curves as degrees) are reversed. This is explained by differences in the distance of the zone of bending from the apex. Caution must always be exercised when interpreting curvature measured by the horizontal displacement of the tip because a slight bending in the basal region can completely mask a larger angular bending in the apex. The bending indicated by the curve LS prior to stimulation is due to slight basal curvature. For this reason there is no way of detecting from curve LS when phototropic bending in the apical region starts. Fortunately, this complication appears in only a few instances.
GROUP II. In this group of experimiients the reference contact was placed at the base of the coleoptile and connected to ground. The more apical contacts were placed directly opposite each other 10 millimeters below the apex (inset in fig. 2 ). These contacts were connected to the control grid of the duBridge voltmeter. Seven out of a total of nine coleoptiles showed positive phototropic bending. Results of a typical experiment are shown in figure 2 . Changes in the longitudinal polarities are represented by curves L and S in figure 2 A. In all instances the longitudinal polarity was normally oriented at the beginning of the experiment (13) . As indicated in figure 2 A most of the data show a rapid decrease in polarity immediately after stimulation which is followed by a gradual increase. This is true for both the lighted and shaded sides.
The corresponding L-S curve is shown in figure 2 Figure 2A shows changes in the longitudinal polarity. Curve L on the lighted side and curve S on the shaded side. Figure 2B shows the transverse electrical polarity which was obtained by subtracting curve S from curve L in figure 2 A. Figure 2C shows it was in the previous instance. In this group it again appears that the electrical changes precede the initiation of curvature. Figure 4 A shows changes in the longitudinal polarity. Curve L on the lighted side and curve S on the shaded side. Figure 4B shows the transverse electrical polarities from the two experiments. Curve L-S was obtained by subtracting curve S from curve L in figure 4 A. Curve II was similarly obtained from another experiment. Figure 4C shows curvature responses in the two experiments whose electrical responses were shown in figure 4 B. apex positive to the basal contact region. This is followed by a longer and larger decrease in the electrical polarity, and finally there is a gradual increase. Except for the initial slight increase in polarity the electrical responses are similar to those of the corresponding group with less illumination (group I).
Two curves representing the transverse polarity changes are plotted in figure 4 B. Curve I-S was obtained from figure 4 A, and curve II was derived from a similar set of curves which are not included. In curve L-S the lighted side becomes electropositive to the shaded side soon after illumination, while in curve II the lighted side does not become electropositive to the shaded side until later in the experiment. The curvatures of the coleoptiles whose electrical responses have just been described are shown in figure 4 C. Both curves show negative bending, but the curvature in curve LS begins earlier than in curve hIa. It seems significant that in the experiment represented by curve LS both the curvature and the transverse electrical polarity changes occur early, while in the other experiment both changes occur late. In both cases the change in the transverse electrical polarity precedes the beginning of the curvature response. It also should be noted that the bending shown by curve LS stops soon after the corresponding transverse electrical polarity returns to zero. GROUP V.-Ten experiments were performed with the contacts placed in the same positions as in group II. All showed negative phototropic bending by the Judkins method. Two experiments were chosen as typical. One gave a very large transverse electrical response and the other a much more moderate one, although both responses were qualitatively similar. The longitudinal polarities of only one experiment were plotted as they were typical. The changes in the longitudinal polarity are illustrated by the curves L and S in figure 5 A. The effect of light was to increase the polarity of the shaded side (curve S). However, the opposite result is obtained on the lighted side (curve L). In other experiments of this group, the changes in the longitudinal polarity are not quite so large but the general results are similar.
Two experiments were used to demonstrate changes in the transverse electrical polarity. These curves are found in figure 5 B. In the experiment represented by curve L-S, the lighted side immediately becomes positive to the shaded side. It continues to become more positive in surges until the end of the experiment. This curve shows a series of three peaks in the potential difference between the lighted and the shaded side. In curve II, the transverse potential is slightly less than zero but constant before stimulation. After stimulation, it follows practically the same course of events as curve L-S with three positive peaks of the lighted side. Figure 6 .B shows the transverse electrical polarity which was obtained by subtracting curve S from curve L in figure 6 A. Figure 6C shows the curvature responses in the same experiment.
Curves LS and Ila in figure 5 C illustrate the curvature responses. For reasons previously pointed out, the slight positive movement of the tip is not a manifestation of phototropic curvature, especially since it starts before stimulation. In every experiment of this group, the time at which the lighted side becomes positive to the shaded side is much earlier than the beginning of the negative bending.
GROUP VI.-This group is composed of ten experiments of which six showed negative phototropic bending by the Judkins method. The contacts were placed as in group III. Curves representing the change in the longitudinal polarity are given in figure 6 A. The polarity is typically oriented, the apex being negative to the base. The immediate effect of stimulation was to increase the longitudinal polarity on both the lighted and shiaded sides. The changes on the lighted side are greater in magnitude than those on the shaded side.
Changes in the transverse potential difference are shown in figure 6 B. The voltage during the control period is slightly above zero, but it is constant. After stimulation the lighted side immediately becomes positive. The polarity then returns to zero and a second positivity of the lighted side occurs. It is noticed that the first and the beginning of the second positive spike of the lighted side precedes the beginning of the curvature. These results are quite typical with one exception. In the exceptional case, both curvature and the change in the transverse polarity occur in the last 10 minutes of the experiment.
The curvature response of tlle typical experiment is given in figure 6 C.
Negative curvature does not begin until 30 minutes after stimulation. The two experiments of this group which showed bending toward instead of away from the light are interesting in that in both cases the lighted side definitely became electronegative to the shaded side. These electrical responses are precisely what one would expect from coleoptiles bending toward the light.
Discussion
Unilateral illumination, which causes either positive or negative curvature, also induces consistent changes in the inherent electrical field of the coleoptile of Avena sativa. Regardless of the dosage of light applied or the original orientation of the longitudinal polarity, the general tendency is for the apex to become more negative to the basal regions (the curves in figure   2 A and curve L in figure 5 A are exceptions). Uniform illumination with a dosage of about one million mes has the opposite effect on the longitudinal polarity of the coleoptile (1, 9) . This fact, however, does not necessarily represent a contradiction because of the large differences in the dosages of illumination.
The changes in the transverse electrical polarity in response to 200 mCs of unilateral illumination reported in this paper are not the same as were found in a previous study (6 (fig. 2) , the side destined to become convex becomes electronegative. The section of the coleoptile, which was measured for electrical changes in this group, was 10 millimeters below the apex. WENT and THIMANN (12) and VAN OVERBEEK (11) have shown that if lateral transport plays a major role in phototropism of coleoptiles, it is most likely to occur in the apical section. Therefore, the apical portion of the coleoptile, and not the basal segment, should be considered critical in postulating the transverse electrical polarity as the cause of lateral transport.
The orientation of the transverse electrical polarity, which is established in the apical region of the coleoptile, is correct to account for the electrophoretic transport of auxin as is postulated by the Went-K6gl theory. Though KOCH (5) has demonstrated electrophoretic movement of auxin in agar blocks, it still remains to be established whether or not a voltage of this magnitude is adequate to achieve the same result in the coleoptile cells. It is also apparent that the data herein presented do not exclude the possibility that unilateral illumination induces different rates of auxin synthesis on the lighted and shaded sides. Thus the electrical polarities could conceivably be reflecting changes in metabolism, which in turn lead to differential elongation rates. Summary 1. Curvature and electrical responses of three Avena coleoptile segments to unilateral illumination of 200 and 31,200 mcs were observed.
2. Two hundred mcs generally caused the coleoptiles to bend toward the light and 31,200 mcs, in most cases, caused the plants to bend away from the light source.
3. The usual effect of unilateral illumination on the longitudinal polarity was to cause the apical level to become more electronegative to the basal region.
4. In the apical region of plants stimulated by 200 mes of light the lighted side became electronegative to the shaded side. In the basal portion of coleoptiles, similarly illuminated, the lighted side became electropositive to the shaded side.
5. When the contacts were placed at the apex and at the base, and the plant stimulated by 200 mcs of light, the lighted side became electronegative to the shaded side in the apical contact area. 6 . In all plants that bent away from the light, when 31,200 mcs of light were used for stilmiulation the lighted side became electropositive to the shaded side regardless of the position of the contacts.
7. The transverse electrical polarities in the apical contact area, which resulted from unilateral illumination, are correctly oriented to function as an electrophoretic mechanism of lateral auxin transport. However, it is also conceivable that these electrical polarities are reflecting changes in metabolism, which in turn lead to differential elongation rates and curvature.
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